Objective: To test the hypotheses that (i) there is a significant correlation between the curve of Spee (COS), basal arch (WALA ridge) to dental arch distance (WALA-FA distance) and curve of Wilson (CW) and that (ii) the deepening of the COS is affected by the CW and the WALA-FA distance.
INTRODUCTION
Orthodontic treatment planning starts with attaining acceptable aesthetic changes in facial soft tissues. Additionally, it is important to position the teeth at the accurate position and proper angulation and inclination within the basal bone to obtain physiological static and dynamic occlusal relationships. Orthodontic tooth movements that exceed the basal border result in periodontal problems in teeth, damaging the post-treatment stability (1) . It is vital to determine the dental arch form of the individual prior to treatment and to use the mechanics that comply with the form of the arch throughout the treatment for preventing periodontal problems, ensuring stability, and obtaining aesthetic results (2) .
WALA (the initials of Will Andrews and Larry Andrews) is the most prominent point in the keratinized gingiva close to the mucogingival junction (3) . Where the WALA points unite, they create a ridge in the keratinized gingiva. The ridge, which is also clinically observable, is important because it indicates the bone base and the physiological border within which the teeth can move (4) . The facial axis point (FA point) is the most prominent point of the clinical crown. The union of the FA points determines the dental arch form (5) . The relationship between the dental arch and basal arch that is described as WALA to FA, abbreviated as WALA-FA in this study, has been assessed in several malocclusions (6) (7) (8) . On the frontal plane, the occlusal table passing the cusp tips of the posterior teeth does not follow the same plane. Wilson described this as a compensational curve to prevent balancing interferences (9) . This curve, specified by Andrews as the fourth key of the ideal occlusion, is given form by the buccolingual inclinations of the posterior teeth (10) .
The curve of Spee (COS) was first described in 1890 by F. Graf von Spee (11) as the line on a cylinder tangent to the anterior border of the condyle, the occlusal surface of the second molar, and the incisal edges of the man- , Servet Doğan dibular incisors. COS is one of the factors specified in the six keys of occlusion defined by Andrews. According to Andrews, COS ranges from flat to mild in subjects with proper occlusion (10).
Several hypotheses have been proposed to explain the functional significance of these morphological curves. Among them are biomechanical considerations concerning the resistance against the forces developed during occlusion and chewing and thus about the stability of the dental arches and an increase of the crush/shear ratio during chewing in the molar region (12) . COS provides posterior teeth disclusion and anterior tooth guidance with forward movement of the mandible (11) , whereas the curve of Wilson (CW) prevents premature contacts in lateral movements of the mandible (9).
There is no significant relationship between COS and gender, age, and facial skeletal morphology (13, 14) . However, there are some studies suggesting that the deep-bite cases are associated with the increased depth of the COS (15) . On the other hand, when the intra-arch factors that may be effective in the formation of the COS were evaluated, anterior teeth extrusion was reported to be effective in Class I anomalies, and no significant difference was detected between class I, II, and III malocclusions (16) . Although the morphological relationship between the COS and the CW has been the subject of several researches, the effect of CW on the deepening of the COS has not been evaluated. Although it is possible to obtain reduction in the depth of the COS with archwires used in orthodontic treatments, it may simultaneously be necessary to attain transverse expansion with increased posterior tooth torque as required by the abnormality. To date, no available study has investigated the relationship between the COS and the basal arch-dental arch distance that creates the transverse border of the dental movement.
In the past, the natural dental arch curves have been analyzed in plaster models using analogue or digital calipers or other modified tools (6, 14, (17) (18) (19) . Because it is almost impossible to perform certain linear measurements with these methods, the fact that records cannot be kept on the model during the study is a crucial shortcoming. One cannot obtain sufficient information because a three-dimensional structure is examined after being minimized into a single section by two-dimensional techniques (20) . The measurements performed on stone models in the past have been replaced by digital models recently. Numerous studies indicated that different digital modeling methods were accurate and reliable (21) . The use of digital models together with different advanced software makes it possible to obtain faster, more effective, and more detailed information than from these plaster models. The COS, CW, and the relationship between WALA and FA have been measured for various purposes in different studies. However, at present, no study has investigated the relationship between those variables that may be changed by virtue of orthodontic treatments. The changes in depth of the COS during the treatment are mostly described with intra-arch anteroposterior changes. Patients may also need transverse movements as required by the treatment. Knowledge of the potential relationship between the increased depth of the COS and those parameters is important for prediction of the changes during the treatment. In light of this information, the objective of the present study was to investigate the effect of CW and dental-basal bone arch distance on the deepening of COS and to demonstrate the potential relationship between these variables using three-dimensional models and advanced engineering software programs. We hypothesize that there is a significant relationship between COS, CW, and the dental arch-basal arch distance and that CW and dental arch-basal arch distance are effective on the deepening of the COS.
METHODS
The ethical committee approval for this retrospective study was obtained from the Sağlık Bilimleri University Gülhane School of Dentistry (1648.4-763). Pretreatment mandibular plaster models of 50 patients (24 females, 26 males; mean age: 26.4 years) aged between 20 and 35 years from the archives of Ege University Department of Orthodontics were scanned and digitized using Trios (3Shape; Copenhagen Denmark). All patients signed a form before treatment, granting permission for their models to be used in scientific researches. Measurements in the digital mandibular models were performed by an advanced engineering software (Rapidform; Inus Technology Inc., Seoul, South Korea). The excessive parts under the dento-alveolar region were trimmed, and the models were made ready for the measurement. The inclusion criteria for the patients were: skeletal class I (1°<ANB<4°)relationship, no previous orthodontic treatment, no crowding or diastema greater than 3 mm, lower and upper dental midline coincidence, Angle class I canine and molar relationship; no clinically observable attrition or fracture noted in the models, and no prominent dental shape and congenital abnormality ( Figure 1 ).
A reference occlusal plane (ROP) was established in such a manner to pass the distobuccal cusp tips of bilateral second molars and cusp tips of the canines to measure the CW and Figure 2 ). In determining the depth of the COS, the perpendicular distances from the buccal cusp tips of the first premolar and second premolar teeth and mesiobuccal cusps of the first molar tooth to the ROP were measured in mm units ( Figure 3 ). To determine the CW, lines were drawn in such a way to pass the mesiobuccal and lingual cusp tips of the first and second premolar teeth and the first molar tooth. The angles made by these lines with the ROP were measured. The angle is positive in the case of teeth inclined to the lingual surface ( Figure 4 ).
The localization of the x (transversal), y (sagittal), and z (vertical) coordinates was determined on the digital models. The FA points of all teeth were marked by the same investigator. The WALA point was measured directly below the FA point of each tooth perpendicular to the occlusal plane at mucogingival junction. The distances in the specified x-, y-, and z-axes between these points were calculated using the software. For the transverse distance, the distance between the WALA and FA points on the x-axis in the right and left first molar, first premolar, and second premolar teeth was noted in mm units ( Figure 5 ).
Statistical Analysis
The statistical analysis of the data was performed using Statistical Packages for the Social Sciences version 20 (IBM Corp.; Armonk, NY, USA). The statistical significance level was determined to be p<0.05. The normal distribution of the data was evaluated using the Shapiro-Wilk test. The paired sample t test was used for side comparisons. Pearson correlation coefficients were calculated to determine the linear associations among WALA-FA distance, CW, and depth of the COS for each tooth. To assess the contribution of these two variables to the depth of the COS, linear multiple regression analysis was carried out. The measurements were repeated 1 month later on 20 randomly selected digital models. Intra-observer repeatability was measured by the intraclass correlation coefficient (ICC).
RESULTS
The descriptive statistics and analysis results of the depth of the COS, CW, and WALA-FA distance measurements in the first premolar, second premolar, and first molar teeth are shown in Tables 1 to 3 . Intra-observer reliability values observed in the measurements repeated 1 month later by the same investigator ranged between ICC 0.89 and 0.95.
In the WALA-FA distance and CW measurements, no statistically significant difference was found between the right and left first premolar, second premolar, and first molar teeth, whereas the depth of the COS created a significant difference in the right and left teeth (p=0.010, p=0.002, and p<0.001, respectively). The greatest difference in the measurement of the depth of the COS between the right and left was found to be 0.41±0.50 mm in the first molar teeth ( Table 1 ).
The Pearson correlation coefficient was calculated separately for the right and left segments in the evaluation of the relationship between the WALA-FA distance, depth of the COS, and the CW. There was no strong correlation between the depth of the COS, the CW, and the WALA-FA distance (Table 2) . On the basis of the results of the multiple linear regression analysis performed to investigate the effect of the WALA-FA distance and CW on the deepening of the COS, it was found that the deepening of the COS was not affected by the WALA-FA distance or the CW (Table 3) .
DISCUSSION
The present study examined the correlation between the depth of the COS, the CW, and WALA-FA distance and the effect of the buccolingual inclination (CW) of the teeth and the WALA-FA distance on the deepening of the COS. It is important to specify the pretreatment characteristics of these three variables with respect to predicting potential changes resulting from the orthodontic mechanics applied during the treatment and to provide information about the effect of these changes on the orthodontic treatment success and failure. It has been demonstrated that there is no significant correlation between the depth of COS-CW and WALA-FA distance and that neither the CW nor the WALA-FA distance has a clinically meaningful effect on the deepening of the COS.
Farella et al. (13) reported that the craniofacial morphology had a small effect on the depth of COS. Given the limited number of studies with a high level of evidence in this respect, individuals with craniofacial abnormalities, including facial asymmetry, syndrome, and other issues, were not included in the study to prevent any potential interaction. Gender was reported to be ineffective on the depth of the COS (14) . It has been reported that the depth of the COS increased with the second molar tooth eruption and that the depth of COS decreased slightly during the adolescent dentition stage and then remained relatively stable into early adulthood (14) . It is not possible that the occlusal attritions which may occur through aging affect the variables included in the present study in a consistent manner. For example, whereas the COS and CW may be changed by the occlusal attritions, the attrition is unlikely to affect the WALA-FA distance in the same way. Although the change in the CW is more significant, even in the event that the attrition is not similar in the cusps, it is likely that the depth of COS remains constant. Therefore, the present study enrolled adult patients aged 18 to 26 years with erupted second molar tooth, without clinically significant occlusal attritions, or without history of bruxism that may cause attrition in the teeth.
In the present study, the ROP was specified as the line passing the distal cusp tips of the second molar tooth and the cusp tips of the canine, and the depth of the COS and axial inclination of the teeth were measured using this line as reference. Several studies used the incisor sides of the incisor teeth, the distobuccal cusp of the second molar tooth, and the distal cusp of the last molar tooth as reference to determine the guide line (16, 22, 23) .
The measurements performed on plaster models and photographs in the past have been replaced by three-dimensional digital models and advanced software that ensure collecting more comprehensive and detailed data from the models in this study. It was stated that the thickness of soft tissue may be effective during the determination of the WALA points on the model, thus these points may be specified more accurately by CBCT (24) . Use of CBCT is recommended in limited indications, rather than using it routinely in orthodontic diagnosis and treatment planning (25) . Additionally, it is not deemed realistic to subject the patient to radiation just to determine the form of the basal arch. It has been indicated that the WALA points can be determined at a highly reliable level on the models, and many studies have investigated the relationship between the basal arch and dental arch on digital models. In the literature, COS has been measured in different ways and included in the studies. In some studies, the deepest point of the curve was measured, whereas some of the investigators measured the perpendicular distance from the cusp tips of each tooth (14, 16, 18, 19) . Two different studies reported that the deepest point corresponded to the mesiobuccal cusp of the first molar or was located in the second premolar tooth (26, 27) . On the other hand, Bishara et al. (28) used the average of the sum of the perpendicular distances to each cusp tip. In the present study, the depth of COS was obtained for each tooth and by measuring the perpendicular distance from the cusp tips to the ROP. In the literature, apart from the investigations that measure CW by directly determining the axial inclination of the teeth in CBCT images (9) , there were also measurements published in which the investigators create lines passing the buccal and lingual cusps of the teeth on the models, thereby removing the need for radiation. Similarly, the angle made by the line passing the cusp tips with the reference plane was measured in this study.
The present study compared the depth of the COS, the CW, and the WALA-FA distance measured in the right and left first premolar teeth and found a significant difference only in the depth of the COS. The studies in which the depth of the COS was analyzed as the maximum depth in the right and left arches did not demonstrate any significant difference between the right and left sides in the depth of the COS (14, 16) . Shannon and Nanda (18) measured the depth of the COS individually in the posterior teeth and reported no significant difference between the right and left depth of the COS. The greatest difference detected for each of the three tooth groups was in the first molar teeth and was determined to be 0.41 mm on average [95% confidence interval (CI), -0.25 to -0.56]. Many studies have provided evidence that the measurements made on the digital models are reliable and accurate. The confidence limit was found to be 0.4 to 0.6 mm in the study measuring the depth of the COS (16) . The difference which might be considered clinically insignificant may occur because of the measurement error. Likewise, in another study, Kim et al. (5) performed three-dimensional measurements for the WALA-FA distance at specified points on different planes and indicated that the ICC values were greater than 0.8 for the reliability of measurement. Although there are limited studies regarding the CW, the reliability was indicated to be 0.9 in a study that measured the CW in a way similar to that used in our study (19) . The method used in the present study found ICC values to be greater than 0.9 in all of the measurements performed.
The literature indicates that the growth of orofacial structures, the eruption of the teeth, and the neuromuscular development affect the formation of the COS (14) . According to Veli et al. (16) , anterior teeth extrusion is effective on the deepening of the COS in class I and III malocclusions, whereas the posterior teeth extrusion is effective on the deepening of the curve in class II division II malocclusions. It is important for the orthodontic treatment planning and stability to evaluate the factors that might be effective in the deepening of the COS. The variables included in the present study are the subject of different studies; however, the correlations between these variables have not been investigated. The increased buccolingual inclinations of the teeth after orthodontic treatment may also induce the reduction in the WALA-FA distance. On the other hand, distal tipping, anterior tipping, or transverse expansion may occur in the molar teeth during the flattening of the COS. It is deemed possible that movements forcing the posterior teeth to buccal tipping on the transverse direction may directly affect the CW and WALA-FA distance. It is also possible that aforementioned changes achieved by orthodontic mechanics may be the result of the natural occlusal changes during the growth and development of the patients. Therefore, the correlation between these three variables was analyzed in this study where no high level of correlation was observed between these variables.
In the literature, there are varying results obtained in studies that compared the correlation between the basal arch and dental arch in various malocclusion groups (7, 8, 24) . It has been suggested that the depth of the COS differs between the malocclusion groups (16) . Similarly, the mandibular first premolar tooth in class II division I abnormalities have more lingual inclination than class 1 malocclusions, and there was no significant difference between the malocclusion groups in the mandibular second premolar and first molar teeth (6) . On the basis of these results, it is possible that the type of malocclusion may cause differences in the measured parameters by the teeth groups. Therefore, it is not appropriate to extrapolate the results of this study to the other malocclusion groups. Therefore, further studies are needed investigating the correlation between the depth of the COS, the CW, and the WALA-FA distance in different malocclusion groups.
CONCLUSION
There was no strong correlation between the depth of the COS, the CW, and the WALA-FA distance. The CW and WALA-FA distances could not be effective on the deepening of the COS.
Although there was a difference between the right and left arches in the depth of the COS, it was clinically insignificant. There was no significant difference between the right and left mandibular arches in the CW and WALA-FA distance.
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